Dinucleoside polyphosphates have been detected in a wide variety of eukaryotic and prokaryotic organisms (13) . In higher organisms, their concentrations are generally on the order of 0.01 to 1 M. Human blood platelets and chromaffin cells of bovine adrenal medulla contain diadenosine polyphosphates located in the dense bodies (10, 26, 35) and chromaffin granules (32, 38) , respectively, where they may reach higher local concentrations. The occurrence of dinucleoside polyphosphates has been described for lower eukaryotic (Saccharomyces cerevisiae, Dictyostelium discoideum, and Physarum polycephalum) and for prokaryotic (Salmonella typhimurium, Escherichia coli, and Clostridium acetobutylicum) organisms (13) .
Dinucleoside tetraphosphates participate in the control of purine nucleotide metabolism (36) , where Ap 4 A is an activator of both the IMP-GMP-specific cytosolic 5Ј-nucleotidase (EC 3.1.3.5) and AMP deaminase (EC 3.5.4.6) (K a , micromolar range) and Gp 4 G is an activator of GMP reductase (EC 1.6.6.8) (K a , nanomolar range) (36) . As the concentration of dinucleoside polyphosphates increases under unfavorable environmental conditions, they have been implicated in the cellular response to stress (31) . A role of Ap 4 A in DNA synthesis has been proposed elsewhere (14) . Dinucleoside polyphosphates are also transition state analogs of some kinases (37) . More recently, the dinucleoside triphosphatase activity of a putative tumor suppressor gene product has been described (3) .
The nucleoside 5Ј-polyphosphates (p n N) are another family of related compounds, p 4 A has been detected in rabbit and horse muscle (41) , rat liver (44) , S. cerevisiae spores (19) , and chromaffin granules (38) . As p 4 A is a very strong inhibitor (K i , nanomolar range) of asymmetrical dinucleoside tetraphosphatase (EC 3.6.1.17) (22) , changes in the level of p 4 A could affect the concentration and physiological roles of Ap 4 A. Other enzymes known to be inhibited (K i , micromolar range) by p 4 N are guanylate cyclase (EC 4.6.1.2) (p 4 A and p 4 G) (18) and phosphodiesterase I (EC 3.1.4.1) (p 4 G) (9) . Effects of p 4 A on the tone of the vascular system, mediated by P 2 receptors, have also been described elsewhere (21) .
The cellular level of dinucleoside polyphosphates results from their rate of degradation and synthesis. The following specific enzymes, implicated in the cleavage of dinucleoside polyphosphates, have been described (see reference 15 for a review): asymmetrical dinucleoside tetraphosphatase (EC 3.6.1.17), symmetrical dinucleoside tetraphosphatase (EC 3.6.1.41), dinucleoside tetraphosphate phosphorylase (EC 2.7.7.53), and dinucleoside triphosphatase (EC 3.6.1.29). In addition, there are other unspecific enzymes able to catalyze the hydrolysis of dinucleoside polyphosphates like E. coli 5Ј-nucleotidase (34) and phosphodiesterase I (9, 15, 26) . This paper deals with the synthesis of (di)nucleoside polyphosphates. It has been known since 1966 that some aminoacyl tRNA synthetases (30, 45) catalyze the synthesis of Ap 4 A through reactions 1 and 2:
The possibility that other enzymes (mainly synthetases and some transferases) which catalyze the formation of AMP, via nucleotidyl-containing intermediates and by releasing PP i , could catalyze the synthesis of dinucleoside polyphosphates was later raised (17) . Luciferase (EC 1.13.12.7), considered as an oxidoreductase, catalyzes the synthesis of Ap 4 A with ATP as substrate and luciferin as an essential activator (27, 40) :
Acetyl-CoA synthetase (EC 6.2.1.1) from S. cerevisiae also catalyzes the synthesis of p 4 A and p 5 A, from ATP and P 3 and P 4 , respectively (16) . In the reactions catalyzed by luciferase and acetyl-CoA synthetase, ATP is a very good substrate for the formation of the E ⅐ X-AMP complex (X ϭ the appropriate acyl residue), whereas any NTP (or even P 3 ) is an acceptor (particularly in the case of luciferase) of the AMP moiety of the complex, provided that it has an intact terminal pyrophosphate (27, 40) .
Here we show that acyl-CoA synthetase from Pseudomonas fragi catalyzes the synthesis of p 4 A, p 5 A, Ap 4 A, Ap 5 A, and a variety of Ap 4 Ns. In our view, these findings widen the knowledge of the mechanisms of synthesis of (di)nucleoside polyphosphates in prokaryotes and, by extrapolation, also in eukaryotes.
MATERIALS AND METHODS
Abbreviations. The abbreviations used are as follows: p 4 A, adenosine 5Ј-tetraphosphate; p 5 A, adenosine 5Ј-pentaphosphate; p 4 G, guanosine 5Ј-tetraphosphate; p 4 N, nucleoside 5Ј-tetraphosphate; P 3 , tripolyphosphate; P 4 , tetrapolyphosphate; Ap 2 A, adenosine(5Ј)diphospho(5Ј)adenosine; Ap 3 A, adenosine (5Ј)triphospho(5Ј)adenosine; Ap 4 A, adenosine(5Ј)tetraphospho(5Ј)adenosine; Ap 5 A, adenosine(5Ј)pentaphospho(5Ј)adenosine; Ap 4 N, adenosine(5Ј)tetraphospho(5Ј)nucleoside; Ap 4 C, adenosine(5Ј)tetraphospho(5Ј)cytosine; Ap 4 dC, adenosine(5Ј)tetraphospho(5Ј)deoxycytosine; Ap 4 G, adenosine(5Ј)tetraphospho (5Ј)guanosine; Ap 4 dG, adenosine(5Ј)tetraphospho(5Ј)deoxyguanosine; Ap 4 X, adenosine(5Ј)tetraphospho(5Ј)xanthosine; Ap 4 U, adenosine(5Ј)tetraphospho (5Ј)uridine; Ap 4 dT, adenosine(5Ј)tetraphospho(5Ј)thymidine; Gp 4 G, guanosine (5Ј)tetraphospho(5Ј)guanosine; NTP, nucleoside 5Ј-triphosphate; ATP␥S, adenosine 5Ј-O-[␥-thiotriphosphate]; MES, 2-(N-morpholino)ethanosulfonic acid; CoA, coenzyme A; octanoyl-AMP, octanoyl-adenylate; LH 2 -AMP, luciferyl-adenylate; U, micromoles of product formed per minute; HPLC, high-performance liquid chromatography; TLC, thin-layer chromatography.
Materials. Acyl-CoA synthetase from P. fragi was obtained from Boehringer Mannheim. The lyophilized powder was, unless otherwise indicated, dissolved (3.62 mg/ml) in 25 mM HEPES-KOH (pH 7.6)-0.1 mM dithiothreitol-5% glycerol-0.1% bovine serum albumin (solution E) (16) . CoA, dithiothreitol, octanoic anhydride, palmitic and octanoic acids, sodium tripolyphosphate, ammonium tetrapolyphosphate, and the nucleotides were from Sigma or Boehringer Mannheim, except for dTTP (Pharmacia Biotech). Bovine serum albumin (fraction V, fatty acid free) was from Boehringer Mannheim. [2,8- 3 H]ATP (45 Ci/mmol) was from Amersham Life Sciences, and [␣-32 P]ATP was from DuPont NEN. The stock solutions of 1 mM octanoic acid and 1 mM palmitic acid were prepared by adding enough KOH so that the pH was 7.5; in the case of palmitic acid, the emulsion was further dispersed in 1% Triton X-100 or in 1% Triton X-100-5% ethanol. Phosphodiesterase from Crotalus durissus (EC 3.1.4.1), alkaline phosphatase (EC 3.1.3.1) from calf intestine, and inorganic pyrophosphatase (EC 3.6.1.1) from yeast were purchased from Boehringer Mannheim. Asymmetrical dinucleoside tetraphosphatase was purified from rat liver as described by Sillero et al. (39) . Octanoyl-AMP was prepared from AMP and octanoic anhydride as previously described (43) . HPLC chromatographs were from Hewlett-Packard or Waters. Ultrafiltration was performed with microconcentrators with exclusion limit membranes of 30 kDa (from Vivascience or Amicon Inc.).
Enzyme assays. All the assays were carried out at 30°C. Synthesis of p 4 A. Unless otherwise indicated, the reaction mixtures (50 l) contained 50 mM MES-KOH (pH 6.3), 0.1 mM dithiothreitol, 1 mM ATP, 10 mM P 3 , 11 mM MgCl 2 , and acyl-CoA synthetase (5 to 10 g of protein). The reaction mixtures were analyzed by one of the following methods.
(i) TLC. Aliquots (3 to 4 l) of the reaction mixtures were spotted on silica gel plates (TLC UV254 fluorescent chromatographic plates; Merck) and developed in dioxane-ammonium hydroxide-water (6:1:6, by volume). When [2,8- 3 H]ATP was used, the nucleotide spots, localized with 253-nm-wavelength light, were cut and the radioactivity was counted. When [␣-32 P]ATP was used, the TLC plates were directly analyzed in an InstantImager (Packard Instrument Co.).
(ii) HPLC. Aliquots of 10 to 20 l of the reaction mixtures were diluted in water, kept at 100°C for 90 s, chilled, filtered, and analyzed with Hypersil octyldecyl silane columns (Hewlett-Packard). Elutions were performed at a constant flow rate (0.5 ml/min) with a 20-min linear gradient (5 to 30 mM) of sodium phosphate (pH 7.5) in 20 mM tetrabutylammonium bromide-20% methanol (buffer A), followed by a 10-min linear gradient (30 to 100 mM) of sodium phosphate (pH 7.5) in buffer A or isocratic buffer (15 or 25 mM sodium phosphate, pH 7.5, in buffer A).
Synthesis of palmitoyl-CoA. Unless otherwise indicated, the reaction mixtures (50 l) contained 50 mM Tris-HCl (pH 8.2), 0.1 mM dithiothreitol, 1 mM MgCl 2 , 1 mM [2,8- 3 H]ATP, 1 mM CoA, 15 l of the palmitic acid stock solution, and acyl-CoA synthetase (0.27 g of protein). The analysis of the assay mixtures was carried out as described above, and the plates were developed in dioxaneammonium hydroxide-water (6:1:5). Activity was measured as the amount of AMP formed. Miscellaneous methods. Inorganic pyrophosphatase used to hydrolyze the PP i produced during the enzyme assays or the PP i contaminating P 3 was a suspension in ammonium sulfate solution (3.2 M). As the ammonium salts inhibited the synthesis of p 4 A by acyl-CoA synthetase (unpublished results from this laboratory), pyrophosphatase was desalted by ultrafiltration before use.
HPLC gel filtration of acyl-CoA synthetase was carried out by injecting into a Bio-Sil-Sec 250 column (600 by 7.5 mm; Bio-Rad) 0.5 ml of 1.8 mg of lyophilized powder dissolved in 50 mM Na 2 SO 4 -20 mM sodium phosphate (pH 6.8) buffer. Elution was performed at a constant flow rate (0.5 ml/min) with the same buffer. Fractions of 0.25 ml were collected, and p 4 A and palmitoyl-CoA synthetic activities were measured.
Contaminant ATP was removed from the acyl-CoA synthetase by dialysis for about 30 h at 4°C. In the first 18 h, 1 ml of the enzyme preparation was dialyzed against 1 liter of solution E without albumin replaced by 200 ml of solution E in the last 12 h.
Purification of the mono-or dinucleoside polyphosphates synthesized by acylCoA synthetase was performed by TLC. The entire reaction mixtures were heated at 100°C for 90 s (in the case of dinucleoside polyphosphates, the samples were previously treated with alkaline phosphatase [10 g of protein] for 2 h) and filtered, and the total volume was spotted on silica gel plates along a line and developed in dioxane-ammonium hydroxide-water as described above. The visible (under 253-nm-wavelength light) line spots corresponding to the nucleotides were cut, concentrated by elution with dioxane-water (1:1), and finally extracted with water. 4 A and p 5 A) from ATP and P n . A reaction mixture containing acyl-CoA synthetase, ATP, MgCl 2 , inorganic pyrophosphatase, and P 3 or P 4 accumulated compounds with chromatographic (TLC and HPLC) mobilities similar to that of p 4 A or p 5 A, respectively. The synthesis of these compounds depended on the presence of enzyme, and their concentration increased with the time of incubation (Fig. 1A) . The identity of the corresponding chromatographic peaks was assessed as p 4 A and p 5 A by the following criteria: coelution with standards in TLC and HPLC, absorption spectra, and treatment with alkaline phosphatase. This treatment yielded ATP, ADP, AMP, and adenosine in the case of p 4 A and the same products plus p 4 A in the case of p 5 A (Fig. 1B and C) .
RESULTS

Synthesis of adenosine 5-polyphosphates (p
Synthesis of p 4 A and palmitoyl-CoA by the commercial enzyme preparations. (i) Nucleotide content. The aim of these experiments was to test whether the synthesis of p 4 A was catalyzed by the acyl-CoA synthetase or a contaminating enzyme(s) present in the commercial preparations. The thermal inactivation profiles (heating the enzyme preparation at 65°C for 0 to 60 min, followed by cooling on ice) of the activities of synthesis of p 4 A and palmitoyl-CoA (measured as AMP formed) were coincident, both decreasing to half of those of the nonheated enzyme preparation after 5 min at 65°C (data not shown). The commercial enzyme preparation yielded two peaks (p and a) upon elution from a Bio-Sil-Sec column (Fig.  2) . Activities of synthesis of p 4 A and palmitoyl-CoA coeluted exclusively with peak p, which also had a UV maximum at 280 nm. Peak a had a UV maximum similar to that of adenosine. As some of the experiments performed here (for example, determination of the K m value for ATP) required knowing the nucleotide content of the commercial preparations, five lots of acyl-CoA synthetase were analyzed by HPLC, with a Hypersil octyldecyl silane column. In the enzyme preparations, the concentration of ATP varied between a maximum of 0.56 and a minimum of 0.22 mol/mg of lyophilized powder; p 4 A, ADP, and AMP were always less than 0.005, 0.16, and 0.03 mol/mg, respectively, and no Ap 4 A or other nucleotide was detected.
(ii) Metal requirement. The synthesis of p 4 A depended on the presence of a divalent cation. Maximum activity was obtained in the presence of MgCl 2 equimolar with the sum of ATP and P 3 . Similar profiles were attained with MgCl 2 and CoCl 2 ; less activity was measured in the presence of MnCl 2 or ZnCl 2 , whereas with CaCl 2 , the activity was even lower (results not shown).
(iii) Effect of pH. The reaction mixtures for the synthesis of p 4 A were carried out in 50 mM (each) buffers specified in Fig.  3 . The maximal rate was observed at pH 5.5, and at higher pH values, the activity decreased rather steadily. At pH 8.2, the activity was still 40% of that attained at pH 5.5. The activity of synthesis of palmitoyl-CoA, measured with the same buffers and pH range values, was maximal at pH 8.2 and minimal at pH 5.5 (Fig. 3) . The relative rates of synthesis of palmitoylCoA and p 4 A are ca. 10 (at pH 5.5) and ca. 200 (at pH 8.2).
Two opposite pH profiles for the same enzyme catalyzing two different reactions were also reported in the case of acetylCoA synthetase (synthesis of p 4 A and acetyl-CoA) and for luciferase (synthesis of Ap 4 A and light production), with optimum pH values in the acid and alkaline range, respectively (12, 16, 23, 40) .
(iv) K m values in the synthesis of p 4 A. The K m value for P 3 in the synthesis of p 4 A was determined in the presence of fixed (1 mM) ATP, fixed (1 mM) free Mg 2ϩ , and variable (1 to 10 mM) P 3 concentrations. In these conditions, the K m value found for P 3 was 1. 5 A from ATP, P 3 , and P 4 catalyzed by acyl-CoA synthetase. The reaction mixtures contained 1.15 mM ATP, 0.8 l of desalted inorganic pyrophosphatase, 5 mM P 3 (lanes 2 to 6) or P 4 (lanes 7 to 11), and acyl-CoA synthetase (4.9 g of protein when the polyphosphate added was P 3 or 9.8 g of protein when it was P 4 ); other conditions and TLC analysis procedures were as described in Materials and Methods. Lanes: 1 and 12, standards of p 4 A, ATP, ADP, AMP, and adenosine; lanes 2 and 7, the control mixtures without acyl-CoA synthetase after 2 and 4 h of incubation, respectively; lanes 3 to 6, the complete mixture containing P 3 taken after 0, 0.5, 1, and 2 h of incubation, respectively; lanes 8 to 11, the complete mixture containing P 4 taken after 0, 1, 2, and 4 h of incubation, respectively. (B and C) Effect of alkaline phosphatase on the presumptive p 4 A (B) and p 5 A (C) synthesized. Similar reaction mixtures (0.8 ml) were incubated for 7 or 36 h (in the case of P 3 or P 4 as adenylyl acceptor substrate, respectively), and the presumptive p 4 A or p 5 A formed was purified (see Materials and Methods) and characterized as follows: reaction mixtures (1 ml) containing 50 mM MES-KOH (pH 6.7), 0.2 mM MgCl 2 , and purified p 4 A (100 M) or p 5 A (60 M) were treated with alkaline phosphatase (0.5 g of protein); at the times indicated, aliquots were taken and analyzed by HPLC. The numbers 0 to 5 on the top of the chromatographic peaks correspond to adenosine, AMP, ADP, ATP, p 4 A, and p 5 A, respectively. (Fig. 4) . These results, together with the UV spectra and coelution on TLC and HPLC with the corresponding standards, unequivocally characterized the two compounds synthesized by acyl-CoA synthetase as Ap 4 A and Ap 5 A, respectively.
The optimum pH value found for the synthesis of Ap 4 A from ATP was 5.5, and the K m value for ATP (determined at pH 5.5 and with 1 mM free Mg 2ϩ ) was 1.2 mM (results not shown).
(vii) Synthesis of heterodinucleoside polyphosphates from ATP and NTP. In the synthesis of Ap 4 A, there are formation of an intermediate complex (E ⅐ acyl-AMP and/or E-AMP) and transfer of its adenylyl moiety to ATP yielding Ap 4 A, with K m values for ATP as adenylyl donor and acceptor of 0.015 and 1.2 mM, respectively. As in the case of luciferase, we supposed that the second step for the synthesis of Ap 4 A by acyl-CoA synthetase could also be rather unspecific, i.e., any NTP could be acceptor of the adenylyl moiety yielding the corresponding Ap 4 N compound. To diminish the transfer of AMP to another ATP and favor the synthesis of Ap 4 Ns, we tested the synthesis of Ap 4 G and Ap 4 C with a relatively low concentration of ATP (0.63 mM) and relatively high concentrations (3 mM) of GTP and CTP. In these conditions, synthesis of Ap 4 G and Ap 4 C and almost no synthesis of Ap 4 A were observed (data not shown). The identity of the corresponding Ap 4 N was assessed by its chromatographic behavior in HPLC and UV spectra (Fig. 5) . In the case of Ap 4 G, the identity was also assessed by insensitivity to alkaline phosphatase and by phosphodiesterase treatment (data not shown).
(viii) Synthesis of dinucleoside polyphosphates with ATP␥S or octanoyl-AMP. The experiments described below were performed based on our previous experience with luciferase (27) . Incubation of acyl-CoA synthetase with only ATP␥S or only octanoyl-AMP as substrate failed to produce any dinucleoside polyphosphate; however, when in addition to either of these two substrates, the reaction mixtures were supplemented with GTP, dGTP, CTP, dCTP, UTP, XTP, or dTTP, enzyme-dependent synthesis of the corresponding heterodinucleotides (Ap 4 N) was observed. ATP␥S and octanoyl-AMP were thus donors of the adenylyl moiety to the intermediate complex, but not adenylyl acceptors, whereas the opposite occurred with the NTPs used. ADP and AMP were not acceptors, as no Ap 3 A or Ap 2 A was produced. In (ix) Effect of CoA and fatty acids on the synthesis of p 4 A. In preliminary experiments, no effect of fatty acids on the synthesis of p 4 A was observed. We therefore tested whether CoA had an effect. Figure 7A shows that addition of 80 M CoA nearly abolished activity. The inhibition was reversed by addition of palmitic or octanoic acids, but not by the addition of several other compounds, including acetic acid, several amino acids (lysine, methionine, phenylalanine, and tryptophan), or luciferin at threefold-higher concentrations (Fig. 7B) . As the amounts of ATP and fatty acids were in excess over CoA, and pyrophosphatase was present, the AMP was formed in stoichiometric amounts with the CoA present. The control assay mixtures were negative for the synthesis of either p 4 A or AMP (Fig. 7B) .
DISCUSSION
Acyl-CoA synthetase is in many aspects similar to luciferase and seems to fit into the hypothesis put forward in 1990 (17) that enzymes that catalyze the transfer of a nucleotidyl moiety, forming nucleotidyl-containing intermediates and releasing PP i , may produce dinucleoside polyphosphates. Both enzymes catalyze the synthesis of an intermediate complex (E ⅐ LH 2 -AMP, E-AMP, or E ⅐ acyl-AMP [see below]); ATP, dATP, and p 4 A, nucleotides with a nonmodified ␣-phosphate (27, 40) , are almost equally good substrates for the formation of these intermediates. In a second step, the adenylyl moiety of the complex is transferred to P 3 or ATP, yielding p 4 A or Ap 4 A, respectively. This second step is rather unspecific, and any NTP (with an intact terminal PP i ) can accept the adenylyl moiety of the respective enzyme intermediate complex (40) . Both enzymes prefer P 3 to ATP as an acceptor substrate (27) . In another respect, both enzymes catalyze the synthesis of acylCoA compounds, i.e., fatty acyl-CoA for acyl-CoA synthetase (8, 20) and dehydroluciferyl-CoA for luciferase (2, 11) . The similarity in the reactions catalyzed by both enzymes is related to the similarity in the amino acid sequences (1) . It should be mentioned that functional similarities among acyl-CoA synthetases, aminoacyl-tRNA synthetases, and luciferase were already envisaged by McElroy et al. in 1967 (25) .
Formation of enzyme-bound acetyl-AMP by acetyl-CoA synthetase was demonstrated by Berg (7), who proposed the following mechanism (A) for the synthesis of acetyl-CoA:
This sequence of reactions seems to operate in the activation of both short-chain and medium-chain fatty acids (8, 24, 42) . However, the mechanism for long-chain fatty acid activation is not yet clear (4-6, 28, 29, 33) 
Accordingly, the synthesis of p 4 A (or Ap 4 A) may or may not depend on the presence of an essential effector for the reaction (a fatty acid) resulting from reaction 10 or 11, respectively: E ⅐ RCO-AMP ϩ P 3 3 E ϩ RCOOH ϩ p 4 A (reaction 10)
E-AMP ϩ P 3 3 E ϩ p 4 A (reaction 11)
The commercial acyl-CoA synthetase preparations from P. fragi catalyze the synthesis of p 4 A without addition of fatty acids to the reaction mixture. This synthesis could take place through mechanism A (reaction 10), by using traces of fatty acids present as contaminants in the reaction mixture, or through mechanism B (reaction 11), in which case the presence of fatty acids is not needed. Accordingly, the inhibitory effect of CoA on the synthesis of p 4 A (Fig. 7A) and the activator effect of fatty acids (Fig. 7B) added to an assay mixture containing adequate concentrations of CoA could be interpreted in two ways: (i) CoA removes the contaminating fatty acids, essential effectors for the synthesis of p 4 A from the assay mixture (reactions 5 and 6), or (ii) CoA sequesters the enzyme in the form of E-CoA (reactions 7 and 8), and the addition of fatty acids, liberating free enzyme (reaction 9), allows the synthesis of p 4 A to take place (reaction 11). 32 P]ATP, 7.2 mM P 3 , 0.14 mM CoA, 0.7 l of desalted inorganic pyrophosphatase, and acyl-CoA synthetase (5.2 g of protein) were preincubated at 30°C for 20 min. Thereafter, they were supplemented with 12 l of the following solutions: water (lane b), 1% Triton X-100-5% ethanol (solution C; lane c), 1 mM solutions of palmitic acid in solution C (lane d), octanoic acid in water (lane e), or other possible effectors (acetic acid, lysine, methionine, phenylalanine, tryptophan, and luciferin; lanes f to k, respectively). One hour after the addition of organic acids, aliquots of the reaction were analyzed by TLC. Control without acyl-CoA synthetase is shown in lane a.
